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SUMMARY

AeroQ_amic characteristics of normal force_ axial force, and pitch-

ing moment have been measured for a model of a rocket-powered booster at

Mach numbers from 0.60 to 4.06. The model had external fittings and

engine fairings such as might be used on a large liquid-fuel booster. The

model was tested throughout the angle-of-attack range of 0° to 180 ° at

bank angles of 0 ° and 90°. In addition to tests of this model, selected

tests were made of the model with the external fittings removed and the

model with the external fittings and engine fairings removed. For all

tests the Reynolds number ranged from 0.22xi06 to 0.93Xi06, based on
model diameter.

Large changes in the aerodynamic characteristics resulted from changes

in Mach number, changes in angle of bank, and removal of the booster engine

fairings. The external fittings (other than the engine fairings) had
relatively small influence on the forces and moments.

An analytical method for estimating the aerodynamic characteristics

of boosters has been assessed by comparing computed with experimental

results. The comparisons show that the normal-force variation with angle

of attack can be predicted reasonably well at supersonic Mach numbers.

However, at subsonic Mach numbers the method loses accuracy primarily

because of failure to fully account for a significant amount of normal

force from the engine fairings. With the engine fairings removed the

method predicts the experimental normal forces fairly well at subsonic

as well as at supersonic Mach numbers. At all _ch numbers there is still

much to be desired in the prediction of pitching moments, and the computed

centers of pressure at some angles of attack can be in error by as much
as half a body diameter.
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INTRODUCTION

Foi!owim6 ejectim Df a r.,_nnedspace caps_CLef;',;.ma booster because
_f an abort during !a-mlch, it is imperative Lhat tke booster fly a trajec-
t_nry in which it cannot collide with the capsule, in .Jrder to compute the
trajectories for the booster and capsule_ aerod[N_amicforce and moment
coefficients for these vehicles at various soeed_ are required. Because
of the lack of expermme___alforce and momentcharacter-stics for boosters
over wide ranges of Hach m_nbers and angles cf a,_,,a_,_,a wind-tunnel inves-

tlga_m n of a model of a t<mical _-ocket-powered booster has been conducted.
Aerod_,u_a_ic data for I...._.-,,ael both with and ,_il}_,::utsimu£ated external

ftttings and engine fairin_<s have been obtained. The nodel was tested.

over the Mach n_mber r%n{Te :,f O. to 4 at bank an_<les ._<'0_' and 90< and

at angles of attack ranging from 0° to 180 ° . _=___...._ _ ;u_d mo,,,en,_character-

istics also have been c,;,_m,uled for the model at <kese test conditi<.ns_

and comparisons of ccmpui:e.<lwith measured resu_Its !_s-:ebeen made. The

ourp,_se r_-_this reoor_ the_L is twofold: fLrst, !,._present the experimeiTtal

results and_ second, i.....sh,,w t,ke comparisons :_:i_l!e c T_puted with t}le

experimental resT_is.

NOTATION

A

%

%

CA

Cd c

C_l

CN

cross-sectional _ren_ ,_,f cylindrical portion of b,-dy

area over which %s,_;u pressure_ pb _ is co1_sldcrod acting

plan-form area

axial-force coefficient,
axial force

qA

crossflow drag coefficient of circular cylinder based on cylinder

diameter, cross force

qN_cydcy

pitching-moment coefficient about reference center sho_m in figure

l(a), pitching moment
q_Adcy

norrmzl-force coeff icient,
normal force

qA
oo

oressure_ coeffic _-en_,

p - p
co



d diameter :cF specified body section

len<_th of specified body section

Mii c,_mpoment of Mach ntunber normal to bod_ _ axis, I,! s Ln c

Pro free-stream Mach mzmber

p pressure

Pco free-stream static pressure

q body volume

_i free-stream d_mamic pressure

x distance from nose face to centroid of body plan-form _rea
C

Xcp center of pressure measured from nose face

xm distance from nose face to pitching-moment reference center

angle of attack

> angle of bank about body longitudinal axis (see fi6- i(a))

Subscripts

a nose adapter

b base

cone cone

cy cylinder

f cone frustum

SF skin friction

stag stagnation

T total



EXPERIM2_NTALCONSIDERATIONS

Wind Tunnels

The experimental investigation was conducted in the Ames2- by 2-foot
transonic wind tunnel and the i- by 3-foot supersonic wind tunnel No. i.
The 2- by 2-foot transonic tunnel is of the closed-circuit, variable-
pressure type. It has a flexible-plate nozzle followed by a perforated
test section which permits continuous choke-free operation at Machnumbers
up to 1.4. The i- by 3-foot supersonic tunnel is also a closed-circuit,
variable-pressure type with a flexible-plate nozzle that provides a vari-
ation of Machnumber from about 1.4 to 6. In both t_nnels the Reynolds
n_ber is changedby varying the total pressure withi_ the approximate
limits of 1/5 of an atmosphere to 4 atmospheres.

The water content of the air in the tunnels Ls _intained at less

than 0.0003 pound of water per pound of dry air. Consequently, any effect
of humidity on the flow is negligible.
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Hodels and Supports

Sketches of the models tested are shown in f'igu_'e i. The model in

figure l(a) had external fittings and engine fairings such as might be

expected on a large liquid-fuel booster. !n addition, the model had a

flat-faced adapter section for attachment of a payload. The model in

figure l(b) was the same a_ that in figure l(a) except that the external

fittings were removed. For the model in figure i(c) tke external fittings

and the booster engine fairings were removed, leavin_ a clean cylindrical

body. The model bodies were constructed of e£tur._Rml a_d the fittings aml

fairings of brass. Photo_<raphs of the complete model m>unted in the tes_

sections of the i- by 3-foot and 2- by 2-foot wind tunnels are presented

in figure 2. The support mountings shown in the photographs are explained
in the next paragraph.

In order to test the models throughout the desired angle-of-attack

range of about 0° to i.$0°, four support mo_m_tincr: were employed - mountings

A, B, C, and D oriented as indicated in figure 3. T_e angle-of-attack

ranges obtained with these mountings were approxi:ms_tely as follows: -4 °

to 40 ° with A, 195 ° to 154 _ with B, 35° to i00 ° with C, and 05 ° to 160 °

with D. For the base and front mountings (A and B) a strain-gage balance

was positioned inside the model. For the side mo_miti_!,]s (C and D) the
balance was _os" ' " l....mtloned just external to the model and _=,nmelded wlth a

shroud. For the model mo_m+.ings sketched in figure 3 ,,he model is show_l

at zero bank angle (r_=0°). Provision was made to mo_au% the models also
a% 90o bank angle.
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Tests

Balance measurements of normal force, axial force, and pitching moment

were obtained for the complete booster model (fig. l(a)) at free-stream

Mach numbers of 0.60, 0.SO, 0.90, 1.00, i.i0, 1.30, 1.39, 1.98_ 2.94 , arld

4.06. The other two models (figs. l(b) and (c)) were tested only at Mach

numbers of 0.60, 1.00, 1.98 , and 4.06. The Reynolds number, based on model

diameter_ ranged from 0.22×106 to 0.93><106 for the tests. Except for

Mach numbers i.i0, 1.30, and 1.39, where the angle-of-attack range was

limited because of tunnel blockage and support vibrations, the models were

tested at angles of attack from about -4 ° to 184 °. The complete booster

model was tested at bank angles (Q) of 0 ° and 90 ° . The other models were

tested at _ = 90° (see fig. l(a) for q; orientation).

For all tests the shadowgraph technique was employed to observe model

flow fields. Shadowgraph pictures were taken, some of which are presented
later. Selected tests at both subsonic and suoersonic Hach numbers also

were made with the models painted with a subliming solution. The subli_rm-

tion technique was used in conjmuction with the shadowgraph to ascertain

the state of the boundary-layer flow. For the sublimation technique the

models were sprayed with an S-percent solution of biphenyl in petrole_m:

ether. This solution dries on contact with the model surface and presents

a white appearance. As the wind tmunel is operated, subli_%tion takes

place with laminar regions remaining v_ite and turbulent re6ions showingl
the basic model surface.

Reduction and Precision of Data

All the force and moment data have been reduced to coefficient form

and are referred to the body axes system. Pitching-moment coefficients

are taken about the model reference center shown in figure l(a). All

coefficients are based on the maximum cross-sectional area A of the cylin-

drical portion of the body with no fittings included. The diameter d

of the cylindrical portion is taken as the reference length in the moment
coefficients.

Axial-force coefficients presented in this report were obtained from

the expression

CA = CAT - CAb cos %

where CAT is the total axial-force coefficient measured along the balance

axis; _ is the angle between the longitudinal axes of the model and bal-

ance for the various model mountings (fig. 3); and
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In thi_ re!atbn L',:_:"CAb. _ is t,he balance :,,r_tu'e measured at the

balance-model co_!necl _z_x, and Ab is the r_ren c':er '.,_ich Pb is consk_-

ered acting. For +,he models mortared from the ba£e (r.o_mting A), Ab _s

taken as the area of the cylindr!cal body _-_nd Ab 'A = _ • F<r the m<<le]s

mounted from the frown< (mounting B), Ab i_ take_1 a:_ the frontal area _Jf

the nose adapter and Ab 'A = 0 -'oo mot the _Lde m<untings (C and D]

Ai0 is assu_ned to be '.,_ero.

The precision ,}f the final data is af_'ecled by 7uucertainties in the

measurement of the forces and moments, and [r_ the de_ermination of the

stream static and d;a_amic pressures used in reducing #.he forces and m,cments

to coefficient form. These individual \mcertai.ntic_ led to estir_ted

_mcertainties which are listed as follo',,'s:

• ',}0 _ iO • _ I0

CA 9<9 -"- I'_ -+0.01

Cm +0 .ID

Any effects of poss Lb!e sting-support interfere_::ce :z_nthe model have been

neglected in estimating the precision.

AT,_ALYTICAL CONSIDERATIOHS

Esti_mtion of Aerod3u_amic Characterirtics

of Bo_ster at Angle o£ At,_a_k

Host analytical procedures for computing the aerodynamic character-

istics of bodies and missile-type configurations have been based on poten-

iial theory and are limited in usefulness to low angles of attack. Allen

in references i and 2 proposed a method for predict'ng the forces and

moments for bodies inclined to angles of attack considerably higher than

those for which the<n:'_es based only on potential-flow concepts are k_uo_.,u_

_o apply. In this method a crossflow lift attributed to flow separation

is added to the lift predicted by slender-body potential theory. This:

procedure has been used quite successP__ly in esti.mati.ng the aerod[n_amic

coefficients of incl'ned bodies, although most data available for study

have been for bodies al angles of attack below about 20 ° • In the present

investigation the method has been adapted for use _n est_n_t, ing the f%.rces
and moments for _}'_,em<_dels inclined at angles o±' attack up to ibO °.
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For the sign convention in the above sketch, the formulas for

normal-force, axial-force, and pitching-moment coefficient _,re

_ Ab _' Ao 0c
CN - _-- sin 2_' cos 2 + _Cdc A - -

(1)

CA = CAa=oO cos2_'; 0° _< _ < 90 ° (i)

CA = CA_=Isc o c°s2_T;
90 ° < _ < 180 °

Cm = .Q sin 2_' cos
Ad 2

(3)

+ _Cdc A_ppSxm - Xc\,,,sin2_,; 0o < _ < 90 °
A \ d / - -

and

Q - AbXm _ _,Cm - _a ./ sin 2_' cos --2

Xm- Xc) sines';+ _Cdc AA-_p d 90 ° < _ < 180 °

where

c.' : @ for 0 ° < @ < 90 ° and a,' = !,,0-@ for 900 < _ < io0 c:'

(_)

_)



The center of pressure mes.s_red from the nose face is then given by

Xcp = SXm Cmkid
'k d CN/

(6)

In the expressions for CN and Cm. Cd is the crossflow drag coef-

ficient for a circular cyli:_.der placed normal to a:. airstream; Cdc is a

function of the Mach n_nber normal to the cylinder axis and may be approx-

imated by the data in fig_m_e 4. The experimental curve in figure 4 was

determined from data piotte& in references 3 and 4. The curves by

He;_onian and modified Newtonian tb.eory (e.g., ref. 4) are merely shown

for comparison

Also in the expressions for CN and Cm, _ i£ the ratio of crossflow

drag coefficient for a body of finite fineness ratb t_ that for a body

of infinite fineness ratio. Unfortunately, cyli.nder drag coefficients

from which _ can be computed have been measured, to the authors' knowl-

edge, only at very low Mack n_nbers (refs. 5 and 6). l:br subsonic free-

stream Mach numbers, the value of _ for the present study (_=0.65) has

been taken from a plot of _ versus Z d in reference 5. For super-
sonic free-stream Mac!: _ _n_ .....s; 'h has been assumed to be unity, an assump-

tion indicated as being essentially correct from past investigations

(e.g.; refs. 2_ ,7 and S).

It should be rec<.'g]nized that, in the strictest sense, the specified

method for estimatinrs the aerodynamic characteristics is only applicable

for sharp-nosed slender bodies because of the potential lift term (see,

e.6. _ f<rst term in eq. (i)). However_ except for angles of attack near

0° and i$0 °, the _otential term is fairly insignificant, most of the lift

coming from the semie_mirical crossflow lift term.

A
4

9
6

Estimation o£ Axial-Force Coefficient of Booster at

Ar_gAe.< of Attack of 0° and i$0 °

To predict the var-ation of CA with angle oi attack by equations

(2) and (3), either co_uted or measured values <of axial-force coefficient

at _ of 0° and i_,0° are required. As a first approximation in estimating

CA_=_oO and CA_=_IsoO , it is assumed that the booster is essentially a body

of revolution consisting <f a flat-faced capsule adapter, a conical frustum,

and a cylindrical body section.

When base axial force is omitted,

CA_x_oO = CAa + CAf + CASF (7)



_here CAa represents the pressure contribution of the nose adapter_
CAf the pressure contribution of the conical frustum, and CAsF the
skin-friction contribution.

For supersonic Machnumbers it is assumedthat the pressure over the
i_,_ceof the adapter is equal to stagnation pressure; hence_

/d \2

CAa = CPstag _d_v _
(s)

where Cpstag as a function of Y_ch number is plotted in figure _.

For the conical frustum,

c_a 2 (9]

where CAcon e is the axial-force coefficient for the cone given by "exact"

cone theory. Values of CAcon e can be obtained from the plots in refer-

ence 9. For the booster in the transonic regime, no estimates of CAa

and CAf are attempted.

The skin-friction contribution, CAsF_ can be readily computed by the

classical methods outlined in reference i0. For most boosters it is

probably realistic to assume a turbulent boundary layer and compute the

skin friction by the T' method (see ref. i0).

For the configuration at _ = 180°_ the axial-force coefficient is

assumed to be given approximately by the addition of Cps and CAs F.
In all the estimations_ the axial-force contributions _ _ external

fittings and engine fairings have been omitted.

RESULTS AND DISCUSSION

Experimental values of CN CA, and Cm as functions of angle of
attack are plotted in figures 6'through 9. In addition, shadowgraph

pictures of the models at supersonic Mach n_mbers are presented without

corpulent in figures i0 through 17. (Shadowgraph pictures of the models

_t the lower _,tachntmlbers were not of sufficient quality for reproduction.)

!n the following brief discussion some of the data are used to illus-

trate the effects on the forces and moments resulting from change in Mach

number, change in a::gle of bank, and removal of external fittings and
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engine fairings. Center-of-pressure c_rves have been computedfrom experi-
mental C_ and Cm cum_,Tesand are presented along wit_l these curves. From

shadowgraph and sublilrs_tqon studies it was concluded that the measured

_:alues of CA were I'_r ti_e models with essentially all-turbulent bo_idar_, _

layers. In the discussion,, some of the experime_tal results are used :i_

an assessment of the previously outlined anal_Ttic_l method for estimatinf_
booster force and moment characteristics.

Experimental Force and Moment Characteristics

Effect of Mach m__ber.- As shown in fi.g<u-e 18 changes in Mach n_mmber

had considerable effect on the booster aerod}nxcu'c characteristics. 1_ne

variations in the characteristics were largest ihroughout the range from

_ = 0.6 to about M_ = 2 and at angles of attack from about 40 ° to 140 ° .

In general, CN increased with increase in Hach ::_mr_%erthro<_hout this

range (fig. 18(a)). At Hach numbers above about 2 there was, in general_

a gradual decline in CN with further increase in Hach n_nber. It is

well to note that, in contrast to the results al _ from about 40 ° to 140 °.

there was little effect of Hach number on CN r_t _ up to about i0 ° and
higher than 170 ° • However, at these angles of _{_1,ack the greatest vari-

ations in center of pressure with Hach n_msber _ccRrred (see fig. 18(d)).

Effect of angle of bank.- The effect on the ae_,'odynamic character H

istics of change in sm_g!e <_f bank (q0 from 0° t<_ 90 ° can be seen from

figure 19. Apparently because of about 13 percemt greater lifting area
for the booster model at <?= 90 ° than at q = 0<). the maximum values or

CN (fig. 19(a)) were about i0 to 13 percent h!Nler at _P= 90°. However,

except for _ from about iiOo to 150 ° , there was essentially no effect of

c_ on CN. As might be then e_ected, the effect )f on CA (fig.
19(b)) is only noticeable at e from about 30'-__o 190 °.

Although at both _ = 0° and ".= 90 ° the booster was unstable excent

at very high _, the instability was less at _ = 90° because the engine

fairings at the rear provHed additional rearward lifting area (fig.

19(c)). With the fairin_s at the rear, the bo_':ster at q = 900 trimmed

at lower _ than at : 0°. It is interest]nr_ to note that with increase

in Mach number the trim _ decreased for _,= 9,0_ and increased for

= 0 °. At all Hach n_m_er_ the center o£ p._e,_-_r_ (fi/_. Ag(d)) ::_,ve_]

rearward as the booster was rotated from _ = 0° b×_ - = 90°.

Effects of external fittings and engine fairinss.- In order to assess

the effects of the external fittings and en£ine _sir_n(_s on the aerody_amic

characteristics, selec+ed +ests were made of a model with the external

fittinss removed and of a _de! with both the e_-_'e_'_,s_fittin_cs and engi_e

fairings removed. Results _from these tests are co_oared in fii_u_'es NO a:sd

21. The comparisons indic_le that the external £i_ in!_:_had small effect
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on the forces and moments,whereas the engine fairings had con_zLderab!e
effect (see fig. 21). An appreciable amoui_tof norrr_l f(_rce c_<xl:e a(trt!_-
uted to the en_i'_e fairings, especiall_< at _ near r_%ximumCN. At b, !h
" = 0° Rnd %= 90° the fairings provided a stabilizing effect b.,_m viR::
the center of pressure rearward. This rearward shift no dsubt resu! ed
from additional rearward lift caused by the faLrings. Even wit]z the ......L__

- = 0ooriented at _ so that the fairings did not contribute to the _)!R::
area, additional lift resulted. A similar result was observed i,mrefer-
ence ii in a study of elliptic cones. Elliptic cones oriented with i]_e
major axes in the lift direction developed more lift than c.' 'cuAar coxes
cf the samelifting plan area.

Comparisonsof Estimated and Experimental
Force and MomentCharacteristics

Axial forces at _ = 0° and e = 180 ° In figure _ , %riscns are

male of computed and measured variations of axial-force ent, CA_

with Mach number for the model without external fittin[_ ine fair-

ings. The various components of CA, which were compul .... E_ethods

previousl}_ outlined_ are also indicated. It is seen t_ : _ut the

supersonic speed range the computed and measured resul_: _ _ _nably

close, although the computed values are a little higher _ : measured.

(No computations were attempted for the transonic range. ! , <:,ed values

of CA for the complete model (fittings and fairings i_:'2 _< _ii ,_re also
_lotted for comparison. Because the differences between !_ _,sured CA

for the models with and without external fittings are no ,_:, the com-

puted axial-force curve for the model without fittings can ic used as an

estimate for the complete model.

Forces and moments at angles of attack from O° to 180 °.- In fig_res

___ comparisons are made of computed and experimental aerod_,m amic23 and _'_
characteristics for the models at angle of attack. The computed curves

were determined by equations (i) through (_). Except for the axial-force

co_rparisons_ the calculations have been _mde both for the complete model

and the model without external fittings and engine fairings. In each case

the appropriate plan-form area, Ap, has been used in the CN and Cm

equations. Axial-force coefficients have been estimated only for the

model without external fittings and engine fairings, and a turbulent

bolmdary layer has been assumed.

_ne comparisons show that the experimental variation of CN with

is predicted best at supersonic Mach numbers (see figs. 23(a) and 24(a)).

_he anal_£ical method fails at subsonic Mach numbers in predicting the

rapid rise of CN with _ attributed to the addition of fittings and engine
± L b oin_3Sfairings to the basic body. With the engine fairings and _'_'" _ removed,

however_ the method predicts the experimental CN results fairly well at

subsonic as well as at supersonic Mach numbers. Unfortunately, at all

Mach n_ubers the prediction of Cm with _ (figs. 23(c) and 24(c)) leaves
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something to be desired f<r all models. As a result, the center-of-
pressure predictions a_ someangles of attack are in error by as muchas
half a body diameter (see figs. 23(d) and 24(d)).

COKCLUDINGREHARKS

It has %_enshownthat significant changes in booster force and moment
characterist_ s camres_t from changes in Machnumber. It also has been
demonstrated typical emsine fairings can contribute substantially to
the characte_ cs. Even with a booster banked so that the engine fair-
ings did not _tribute to the lifting plan area, there was an appreciable
increase in al force over that for a model without fairings. In con-
trast to th_ ine fairings, the external fittings had little effect.

An an

tics for '

From co_r

the vari

est imat

sonic Ms

of the e

Mach num,

,i method for computing the force and moment characteris-

at angles of attack from 0° to 180 ° has been presented.

f computed with experimental results_ it appears that

_rmal-force coefficient with angle of attack can be

<y well at supersonic Mach nmmbers. However, at sub-

the method fails to account for the large influence

ttin<[s and engine fairings in increasing CN. At all

is still much to be desired in the prediction of Cm.

Ames Resea_ .nter

Nationa± Aeronautics sad Space Administration

Moffett Field, Calif._ July 17, 1961
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(a) Complete model.

Dimensions shown

rn inches

Figure i.- Sketches of models.
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=0

(b) Model without external fittings.

0
(c) Model without external fittings and engine fairings.

Figure i.- Concluded.
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A-26684

(a) Model on mounting D in the Ames i- by 3-foot wind tunnel.

Figure 2,- Photographs of the complete model.
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A-26580

(b) Model on mounting C in the Ames 2- by 2-foot transonic wind tunnel.

A-26581

(c) Model on mounting A in the Ames 2- by 2-foot transonic wind tunnel.

F_Lgure 2.- Concluded.



Mounting A, 8 =0 °

19

Mounting B, _ = 180 °

Mounting C

: 120 °

Mounting D

Figure 3.- Model mounting orientation.

p
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Figure 24.- Continued.
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